Abstract. Hepatocellular carcinoma (HCC) is the third most common cause of cancer-related mortality worldwide. Galectin-3 (Gal-3), a multifunctional β-galactoside-binding protein, is highly expressed and associated with the prognosis of HCC. However, the functions of Gal-3 in HCC cells are not fully understood. To address the function of Gal-3 in HCC cells, we used small interfering RNA (siRNA) to knock down Gal-3 expression in HepG2, an HCC cell line. We found that in vitro the silencing of Gal-3 decreased the proliferative activity, colony formation ability, migratory and invasive potential of HepG2 cells. The silencing of Gal-3 significantly decreased the mRNA and protein levels of urokinase-type plasminogen activator receptor (uPAR) as well as uPAR's downstream signaling transduction pathway, including phosphorylation of AKT. Furthermore, the downregulation of Gal-3 by siRNA resulted in significantly decreased activity of the MEK/ERK signaling pathway, and the treatment of HepG2 cells with MEK/ERK inhibitor U0126 significantly reduced the mRNA and protein levels of uPAR. Taken together, our results suggest that Gal-3 modulates uPAR expression via the MEK/ERK pathway, and that Gal-3 may be a potential therapeutic target for the treatment of HCC.
Introduction
Hepatocellular carcinoma (HCC) is one of the most common malignant tumors, and its incidence is increasing (1) (2) (3) . HCC is often diagnosed at advanced stages with local invasion and remote metastasis, making surgical resection and liver transplantation more difficult and less effective (4) . Thus, studies are needed to identify this type of invasive cancer cell, and the signaling molecules that are specifically involved in tumor invasion.
Galectin-3 (Gal-3), a member of the carbohydrate-binding protein family, plays an important and multifaceted role in cancer pathogenesis (5) (6) (7) . Bound to oncogenic Ras proteins, Gal-3 activates V-raf-1 murine leukemia viral oncogene homolog 1 (RAF1) and phosphatidylinositol 3-kinase (PI3K), which in turn induces aberrant gene expression and specific signaling cascades, resulting in the facilitation of tumor transformation (7, 8) . Gal-3 has also been shown to modulate tumor invasion and metastasis by binding to integrins or by regulating their expression (9, 10) . Additionally, Gal-3 secreted by tumors induces angiogenesis (9, 11, 12) . These characteristics have made therapeutic targeting of Gal-3 an attractive concept in cancer biology (13) (14) (15) (16) (17) (18) . In HCC, Gal-3 overexpression is involved in tumor progression and is related to prognosis (19) . However, the underlying molecular mechanism of Gal-3 in the development of HCC remains unclear.
The urokinase plasminogen activator receptor (uPAR), a multidomain glycoprotein tethered to the cell membrane with a glycosylphosphotidylinositol (GPI) anchor, is elevated in many human cancers, and is frequently associated with poor prognosis (20) (21) (22) . uPAR regulates proteolysis by binding the extracellular protease urokinase-type plasminogen activator (uPA) and also activates many intracellular signaling pathways via interactions with membrane-bound integrins (23, 24) . Coordination of extracellular matrix (ECM) proteolysis and cell signaling by uPAR underlies its important function in cell migration, proliferation and survival. These attributes make uPAR an attractive therapeutic target in cancer treatment (25) (26) (27) Previous studies have shown that induction of uPAR in cancer is ERK-dependent (28) (29) (30) . In human hepatocarcinoma cells, ERK-dependent uPAR expression is required for motility of tumor cells (31) . Gal-3 also promotes cancer progression by modulating the activity of ERK (32, 33) . Therefore, it is possible that in HCC, Gal-3 regulates tumor development via modulation of uPAR expression, as the overexpression of Gal-3 and uPAR has been reported in HCC (19, 34) . To investigate whether Gal-3 is related to uPAR in the development of HCC, we knocked down the expression of Gal-3 in HepG2 cells and assayed uPAR expression, and the proliferation, migration and invasion of the cells.
Materials and methods
Cell culture. HepG2 and Huh7 cells were purchased from the Chinese Academy of Sciences Cell Bank (Shanghai, China). Cells were maintained at 37˚C in Minimum Essential Medium (MEM) (Invitrogen, USA) supplemented with 10% fetal bovine serum, 100 U/ml penicillin and 100 U/ml streptomycin under humidified conditions containing 95% air and 5% CO 2 .
siRNA transfection. siRNA was designed and synthesized by the Shanghai GenePharma Co., Ltd. according to the galectin-3 gene sequence (GenBank accession no.NM 002306.3) as listed in Table I . Transfection was carried out using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) following the manufacturer's instructions. The siRNA-transfected cells were analyzed by RT-PCR and western blotting.
Reverse transcription polymerase-chain reaction (RT-PCR).
Total RNAs were isolated with the TRIzol reagent according to the manufacturer's protocol (Invitrogen). cDNA was then synthesized using the SuperScript First Strand Synthesis System (Invitrogen) and amplified by polymerase chain reaction (PCR). The primer sequences are listed in Table II . PCR conditions were as follows: 95˚C for 3 min, followed by 28 cycles of 95˚C for 30 sec, 55˚C for 30 sec, and 72˚C for 1 min, the final extension was at 72˚C for 6 min. The PCR products were electrophoresed on 1% agarose.
Western blot analysis. All cells were harvested after the indicated control and Gal-3 siRNA treatments. Protein was extracted in lysis buffer (50 mmol/l Tris-HCl pH 7.5, 150 mmol/l NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS and protease inhibitors). Fifty micrograms of protein was loaded on a 10% SDS-PAGE gel, followed by protein separation and electroblotting onto a polyvinylidene difluoride membrane. The membrane was labeled with the following primary antibodies: anti-galectin-3 (Abcam, USA), goat anti-uPAR (Santa Cruz Biotechnology, USA), anti-GAPDH antibody (Chemicon, USA), anti-phospho-ERK, anti-ERK, anti-phospho-AKT and anti-AKT (Cell Signaling Technology, USA). HRP-conjugated secondary antibodies were incubated in 5% BSA in TBST buffer for 1.5 h at room temperature. Immunoreactivity was detected using an enhanced chemiluminescence detection system (Pierce, USA).
Colony-formation assay. Control and Gal-3 siRNA-treated HepG2 cells were plated in duplicate on 6-well culture plates at a density of 3,000 cells/well. Culture medium was subsequently changed every 3 days. After 2 weeks, the colonies were fixed and stained with 2% crystal violet, and the number of colonies that consisted of more than 10 cells were counted.
Cell proliferation assay. Cell proliferation was measured by an MTT tetrazolium assay. HepG2 cells (2.5x10 3 cells/well) transfected with either control or Gal-3 siRNA were cultured in 96-well microtiter plates in a total volume of 100 µl/well for 3 days. Each day, 10 µl of MTT (5 mg/ml) in 100 µl of basic MEM per well were added and incubated for 4 h. After removing MTT, 150 µl of dimethyl sulfoxide (DMSO) was added and mixed vigorously. Absorbance was measured 
at 490 nm using the Emax-precision microtiter plate reader (Molecular Devices, USA).
In vitro migration and invasion assays. Cell motility was measured using 48-well BioCoat Cell Culture Inserts (BD Biosciences, USA). Fibronectin (5 mg/ml) in serum-free medium was placed in each lower chamber, which was separated from the upper chamber by a membrane with 8-µm pores. A single-cell suspension of HepG2 cells (5x10 4 ) in serum-free medium was placed in each upper chamber. After incubation for 24 h at 37˚C, the cells were fixed with methanol and stained with 0.1% crystal violet. The cells on the upper surface of the filter were wiped off with a cotton swab, and the number of cells that migrated out to the lower surface of the membranes were counted in 5 randomly selected fields. Invasion assays were performed with Matrigel-coated chambers from the BioCoat Matrigel Invasion Chamber kit (BD Biosciences) using the same method as described above for the migration assays.
Wound healing assay. Cells were seeded in 96-well plates and allowed to grow until 70% confluency. The cells were pretreated with mitomycin C, which inhibits cell division, so that the difference in motility was not affected by the difference in cell proliferation rates. The cells were treated as above and wounding was performed by scraping through the cell monolayer with a 10-µl pipette tip. After being washed with PBS, images were captured immediately after scratching for various periods of time in the same marked location of the plate. All experiments were performed in triplicate.
Statistical analysis. Experiments were carried out at least in triplicate, and the results were expressed as mean ± SD. The data were analyzed using the Student's t-test. Statistical significance was considered at P<0.05.
Results

Downregulation of Gal-3 in HepG2 cells by siRNA.
To investigate the role of Gal-3 in HCC cells, endogenous Gal-3 expression was inhibited by siRNA in HepG2 cells. RT-PCR and western blot analysis were used to evaluate the ability of different Gal-3 siRNAs to silence Gal-3 expression in vitro. We chose three Gal-3 siRNA sequences (Gal-3-homo-422, Gal-3-homo-568, and Gal-3-homo-746) based on previous research. The suppression rate of Gal-3 mRNA expression was separately reached at 89.17, 61.61 and 82.56%, as measured by RT-PCR (Fig. 1A) . The suppression rate of Gal-3 protein was separately reached at 89.26, 74.51 and 65.59% for each Gal-3 siRNA, as measured by western blot analysis (Fig. 1B) . The results indicated that Gal-3-homo-422 was the most effective silencer. Thus, Gal-3-homo-422 was chosen in the subsequence experiments for gene knockdown. No differences were observed in regards to Gal-3 mRNA or protein levels in HepG2 cells which were transfected with control siRNA.
Downregulation of Gal-3 inhibits the proliferation and colony formation of HepG2 cells.
The roles of Gal-3 downregulation in cell proliferation and tumorigenesis were evaluated by MTT and colony formation assays, respectively. The HepG2 cells knocked down for Gal-3 displayed significantly altered growth profiles when compared to the control siRNA-transfected cells (Fig. 2A) . While the growth curves of Gal-3-knockdown cells reached a plateau at ~24 h following seeding, the control siRNA transfectants displayed a steadily increasing population level. Total cell number became significantly different (P<0.05) between the two populations at 48 h. Additionally, Gal-3-knockdown HepG2 cells displayed a significantly decreased capacity to form colonies (P<0.05, Fig. 2B ). While untransfected and control siRNA-transfected HepG2 cells were able to form similar numbers of colonies after 14 days (220±29.0 and 222±20.1, respectively), Gal-3-knockdown HepG2 cells were only able to form an average of 73.7 (±8.5) colonies per well, representing a 67% reduction in colony-forming capacity. These data indicate that Gal-3 plays an important role in the proliferation and colony formation of HepG2 cells.
Downregulation of Gal-3 reduces cell migration and invasion of HepG2 cells.
To investigate the role of Gal-3 in HepG2 cell migratory and invasive processes, we performed cell migration, wound healing and invasion assays using HepG2 cells transfected with control or Gal-3 siRNA. As shown in Fig. 3A , Gal-3 downregulation induced an ~2-fold decrease in the migration of HepG2 cells according to the chamber-based assays (P<0.01). Moreover, wound-healing assays confirmed the inhibitory effect of Gal-3 downregulation on cell migration. We found that the time required for wound closure of the Gal-3-knockdown HepG2 cells was significantly longer than the time required for the corresponding control cells (Fig. 3B) . In keeping with the migratory patterns, Gal-3-knockdown cells dis played a significantly reduced ability (P<0.01) to invade and migrate through a Matrigel barrier relative to the control siRNA-treated cells (Fig. 3C) . Collectively, these results indicate that Gal-3 plays an important role in the migration and invasion of HepG2 cells.
Downregulation of Gal-3 decreases uPAR expression.
To explore the underlying mechanism of reduced cell proliferation, migration and invasion by Gal-3 downregulation, expression of uPAR in the total cell lysate was examined by RT-PCR and western blot analysis. As shown in Fig. 4A and B, mRNA and protein levels of uPAR were significantly lower in the Gal-3 siRNA-treated HepG2 cells than levels in the corresponding controls. We also sought to determine whether established downstream effectors of uPAR are similarly dis rupted. Fig. 4C shows that the p-AKT levels were also greatly reduced in the Gal-3-knockdown HepG2 cells, while total Akt levels remained unchanged and comparable to those observed in the control cells. Similar results were obtained in another HCC cell line, Huh7 ( Fig. 4D and E) . Taken together, these results suggest that downregulation of Gal-3 decreases uPAR expression and its downstream signaling.
ERK is activated by Gal-3 and its activation is correlated with uPAR expression.
According to previous findings, Gal-3 regulates the activation of ERK (32, 33) . In the present study, we determined the activity of ERK in Gal-3-knockdown HepG2 cells. We found markedly decreased phosphorylation of ERK in the Gal-3-knockdown HepG2 cells (Fig. 5A ). As ERK activation is known to induce uPAR expression in a variety of cancer cells (28) (29) (30) , we determined whether uPAR expression is positively regulated by MEK/ERK activity in HepG2 cells. We treated HepG2 cells for 12 h with the synthetic MEK inhibitor U0126 (10 µM). RT-PCR data revealed decreased uPAR expression in U0126-treated cells compared with that in the control cells (Fig. 5B) . uPAR expression was reconfirmed at the protein level in the U0126-treated cells by western blotting ( Fig. 5C ). Taken together, these results indicate that downregulation of Gal-3 in HepG2 cells reduced uPAR expression via the MEK/ERK pathway.
Discussion
Galectin-3 (Gal-3) is a member of the β-gal-binding galectin family that exhibits pleiotropic biological functions. Gal-3 is reported to be upregulated in many tumors and is involved in several important processes, including cell-to-cell adhesion, cell-to-extracellular matrix (ECM) interactions, cell growth, differentiation, adhesion, migration, angiogenesis, malignant transformation, apoptosis and cancer drug resistance (5, 6, 9, 10, 12, 35, 36) . The expression of Gal-3 is detected in ~65% of HCC, and is highly correlated with progression and prognosis of HCC (19) . However, the actual biological functions of Gal-3 in HCC have not yet been well described. The present study was designed to address this issue using HepG2, a hepatocellular liver carcinoma cell line that expresses high levels of Gal-3.
In the present study, we knocked down expression of Gal-3 in HCC cells with small interfering RNA (siRNA), and demonstrated that siRNA targeting of Gal-3 in the HepG2 cell line led to the efficient and specific inhibition of endogenous Gal-3 mRNA and protein in vitro. We found that downregulation of Gal-3 in HepG2 cells contributed to reduced cell migration and cell invasion. This suggests that Gal-3 is closely associated with the metastatic events of HepG2 cells. Our data are consistent with observations in the growth of many different types of human cancers such as breast, colon, and brain tumors (32, 37, 38) . Previous research has implicated Gal-3 in the modulation of tumor cell growth and tumorigenic phenotype of cancer cells (39, 40) . We found that Gal-3-knockdown HepG2 cells displayed decreased cell proliferation and colony formation efficiency. Coupled with the observations in cell migration and cell invasion, we postulate that Gal-3 expression is associated with migration, invasion, proliferation and the tumorigenicity of HepG2 cells. Our finding is different from a recent publication by Kobayashi et al (41) . They reported that transient gene silencing of Gal-3 suppresses pancreatic cancer cell migration and invasion, but failed to affect proliferation. We believe that the observed discrepancy could be due to the different cell systems.
Our findings also concern the key factors and signaling pathways mediated by Gal-3, which are associated with HCC progression. A number of recent studies have demonstrated a correlation between Gal-3 and ERK in several cancer cell lines and have implicated this association in cancer progression (33, 42, 43) . In the present study, we examined whether Gal-3 downregulation affects ERK expression in HepG2 cells. We found that Gal-3 siRNA-transfected cells had markedly reduced phosphrylation of ERK compared to their corresponding control cells, indicating that Gal-3 regulates migration, invasion, proliferation and tumorigenicity of HepG2 cells through the ERK pathway. Previous research has shown that Gal-3 binds Ras and enhances Ras activity and downstream signaling including phospshorylation of ERK, thereby inducing cell proliferation and invasion in pancreatic cancer (33) . Therefore, based on our study, we suggest that the decreased phosphorylation of ERK observed in Gal-3 siRNAtransfected HepG2 cells may be due to decreased Ras activity. Future experiments are needed to explore this issue.
Recent studies have demonstrated that Gal-3 interacts with many signaling pathways, such as the Wnt/β-catenin signaling pathway (9, 33, (44) (45) (46) (47) . However, its interaction with the uPAR pathway has not yet been reported. uPAR is a multifunctional protein which is involved in several cellular processes such as cell proliferation, migration, angiogenesis and invasion (48) . Studies have demonstrated that expression of uPAR is increased in HCC, and is related to the invasiveness, metastasis and prognosis of HCC (19, 49) . In this study, we found that Gal-3 silencing triggered the downregulation of uPAR in HepG2 and Huh7 cells. In addition, Gal-3 silencing significantly inhibited the phosphorylation of AKT. The activation of PI3K/AKT signaling by uPAR has been well documented in cancer research (23) . It is known that the activated PI3K/AKT pathway directly modulates cell growth and movement behavior (23, 50) . Therefore, our results suggest that Gal-3 modulates the PI3K/AKT pathway via uPAR, thereby affecting cell proliferation, migration and invasion (23, 50) .
In addition, uPAR induction has been well documented in several types of cancers by ERK (28) (29) (30) . A study by Bessard et al (31) revealed that MEK/ERK-dependent uPAR expression is required for motility in human hepatocarcinoma cells. We found that MEK inhibitor significantly inhibited uPAR expression, indicating that the induction of uPAR in HepG2 cells is MEK/ERK-dependent. Therefore, we conclude that the decreased uPAR expression observed in the present study might be due to decreased ERK activity induced by Gal-3 downregulation.
In conclusion, our study revealed that Gal-3 regulates the level of uPAR in HCC cells. Gal-3 mediates cell proliferation, migration and invasion by activating ERK, which regulates uPAR expression. Understanding the underlying mechanisms may provide new strategies for HCC treatment. RNA interference of Gal-3 and uPAR expression could be considered as an effective anti-HCC strategy.
